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Abstract
“The Third International Meeting on Genetic Disorders in the RAS/MAPK Pathway: Towards a 
Therapeutic Approach” was held at the Renaissance Orlando at SeaWorld Hotel (August 2–4, 
2013). Seventy-one physicians and scientists attended the meeting, and parallel meetings were 
held by patient advocacy groups (CFC International, Costello Syndrome Family Network, NF 
Network and Noonan Syndrome Foundation). Parent and patient advocates opened the meeting 
with a panel discussion to set the stage regarding their hopes and expectations for therapeutic 
advances. In keeping with the theme on therapeutic development, the sessions followed a 
progression from description of the phenotype and definition of therapeutic endpoints, to 
definition of genomic changes, to identification of therapeutic targets in the RAS/MAPK pathway, 
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to preclinical drug development and testing, to clinical trials. These proceedings will review the 
major points of discussion.
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INTRODUCTION: THE RAS/MAPK PATHWAY DISORDERS
Molecular genetic discoveries have shown that a group of genetic syndromes with 
phenotypic overlap are caused by germline mutations perturbing RAS/mitogen activated 
protein kinase (MAPK) signaling [Rauen, 2013]. The disorders currently known to involve 
germline mutation of genes that encode proteins in the RAS/MAPK pathway are 
summarized in Table I. Although each disorder presents a distinct constellation of clinical 
problems, there are significant areas of overlap, including: (i) central nervous system 
dysfunction, resulting in particular learning difficulties and/or various degrees of intellectual 
disability; (ii) cardiovascular abnormalities, variously affecting the heart, blood vessels, and 
lymphatics; (iii) abnormalities of skeletal development; (iv) craniofacial anomalies and 
dysmorphia; (v) cutaneous lesions, including tumors, pigmentary changes, abnormal skin 
texture, and vascular malformations; and (vi) risk of benign and/or malignant tumors. The 
RAS/MAPK pathway plays a central role in the signal transduction of extracellular stimuli, 
principally through receptor tyrosine kinases, to the intracellular compartment [De Luca et 
al., 2012]. The pathway is critical for many cellular processes, including cancer biology, as 
somatic pathway mutations are observed in approximately 30% of malignancies [Bos, 
1989]. It is also vital for human development, as evidenced by the craniofacial, cardiac, 
ectodermal, hematopoietic, musculoskeletal, and central nervous system defects shared by 
the heritable RAS/MAPK disorders.
Session 1: RAS/MAPK Pathway Phenotypes and Therapeutic Goals
Defining of the phenotypes of the various RAS/MAPK pathway disorders is a necessary 
prerequisite to initiating therapeutic trials. Knowledge of the phenotypes and natural history 
will identify priorities for treatment and inform the identification of endpoints to judge 
efficacy. The session on RAS/MAPK Phenotypes and Therapeutic Goals was chaired by 
Drs. Karen W. Gripp (DuPont Hospital for Children) and Judith Allanson (Children’s 
Hospital of Eastern Ontario). Speakers were encouraged to identify major priorities for 
therapeutic trials in each of the disorders.
Dr. Scott Plotkin (Massachusetts General Hospital) described an international collaboration 
to define clinical trial endpoints in neurofibromatosis, a program called REiNS (Response 
Evaluation in Neurofibromatosis and Schwannomatosis). He emphasized the importance of 
working closely with the FDA to identify endpoints that might be acceptable to approve 
clinical use of a drug. The REiNS collaboration includes working groups on imaging 
endpoints, functional endpoints, patient-reported outcomes, whole body MRI, visual 
endpoints for optic pathway glioma, neurocognitive endpoints, and biomarkers. Aside from 
working collaboratively with the FDA, he stressed the importance of international 
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collaboration and identification of intermediate endpoints to permit trial completion in a 
reasonable time period.
Dr. Emma Burkitt Wright (University of Manchester) described the cardiofaciocutaneous 
syndrome (CFC) phenotype. This condition is genetically heterogeneous, with mutations in 
BRAF, MEK1, MEK2, and KRAS. Some genotype–phenotype differences have been 
established, which will be important to take into account in organizing clinical trials. Major 
priorities for therapy include feeding problems, irritability, seizures, limited mobility and 
exercise intolerance, and hypertrophic cardiomyopathy.
Dr. Bronwyn Kerr (University of Manchester, UK) spoke on phenotypic features of Costello 
syndrome. This syndrome includes neurocognitive, cardiovascular and physical changes, 
including a significantly increased malignancy risk. More than 80% of affected individuals 
have cardiac problems, including congenital heart defects, cardiomyopathy, and arrhythmia 
[Lin et al., 2011]. Various activating mutations in HRAS have been identified, with some 
specific mutations predicting severity of manifestations. Therapeutic priorities include 
cardiomyopathy, adaptive behavior, hypotonia, feeding difficulties, and irritability. It was 
noted, however, that families tend to find children with Costello syndrome to have a 
pleasant social manner, and may be concerned about negative changes in behavior as an 
unintended consequence of treatment.
Dr. Amy Roberts (Boston Children’s Hospital) spoke about the phenotype of Noonan 
syndrome. Therapeutic priorities are hypertrophic cardiomyopathy, short stature, and 
learning disability. Twenty to thirty percent of affected individuals have hypertrophic 
cardiomyopathy, with some specific mutations more likely associated with this complication 
[Lee et al., 2011]. There have been encouraging preclinical studies in mouse models using 
MEK inhibitors. Short stature has been treated with growth hormone, leading to significant 
height gain. Neurocognitive problems exhibit some genotype–phenotype correlations. It was 
noted that learning improves in patients when stimuli are spaced far apart in time.
Session 2: Genomic Approaches
Identification of the genes underlying the various disorders has been of key importance in 
elucidating biological mechanisms. Dr. Ludwine Messiaen (University of Alabama at 
Birmingham) moderated the session on genomic approaches. She began the session with a 
description of genetic studies of neurofibromatosis type 1 (NF1). Over 2,500 distinct 
pathogenic NF1 variants have been identified; most lead to haploinsuffiency, though a 
considerable proportion (~16%) are missense variants. The latter present a challenge; family 
and functional studies are needed to classify them as pathogenic versus benign variants. 
Some genotype–phenotype correlations have been established, especially a severe 
phenotype associated with the constitutional 1.4 Mb microdeletion and absence of 
neurofibromas in those with a three base pair deletion in exon 17 [Upadhyaya et al., 2007]. 
Efforts are underway to perform more detailed analysis of genotype–phenotype correlations 
to confirm suggested associations or reveal new ones. She also reviewed studies of Legius 
syndrome, in which pigmentary features overlap with those of NF1 but tumors do not occur, 
due to mutation in SPRED1, which also encodes a RAS/MAPK protein.
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Dr. Reza Ahmadian (Heinrich–Heine University, Düsseldorf, Germany) discussed structure–
function relationships in mutations involving RAS, contrasting those associated with cancer 
with those associated with developmental disorders. Modulation of RAS function is 
complicated by a number of factors, including the complexity of the signaling pathway, the 
occurrence of multiple RAS isoforms, interactions with additional new modulatory proteins, 
diverse activation mechanisms, and various cellular compartments where RAS proteins are 
found. Dr. Conxi Lázaro (Catalan Institute of Oncology, Barcelona, Spain) described her 
work on the use of morpholinos (antisense oligonucleotides) as a therapeutic approach to 
treat cells from NF1 patients harboring a special type of splicing mutation (deep intronic 
mutation) to restore the correct function of the mutated NF1 protein, neurofibromin. In cells 
from these NF1 patients her group demonstrated a restoration of the normal splicing and 
demonstrated reduction of RAS-GTP levels [Pros et al., 2009; Fernández-Rodríguez et al., 
2011]. In NF1, more than 30% of pathogenic variants affect the correct splicing of the gene, 
although a few proportion are deep intronic mutations; it has to be demonstrated if this 
approach can be used for other splice mutations as well. Challenges include the fact that 
each variant would require a specific oligonucleotide (morpholino or similar) and that these 
morpholinos would need to be delivered reliably to the cells. There is also a need for 
relevant preclinical models. Dr. Yoko Aoki (Tohoku University, Sendai, Japan) discussed 
efforts to identify pathogenic variants in patients with Noonan syndrome in whom no 
pathogenic variant had been found in the known genes. Whole exome sequencing revealed 
four that were noted to pathogenic variants in RIT1, which encodes a 25-kD protein in the 
RAS family. Altogether, pathogenic variants were found in 17/180 affected individuals. 
Most had congenital heart defects, and this phenotype is replicated in a zebrafish model.
Session 3: RAS Pathway Biology and Identification of Therapeutic Targets Moderators
Detection of mutations in genes of the RAS/MAPK pathway opened the door to 
understanding of pathogenesis and identification of therapeutic targets. The session on this 
topic was led by Drs. Ype Elgersma (ERASmus University) and Alcino Silva (University of 
California, Los Angeles). A keynote talk on drug discovery was provided by Dr. G. Sitta 
Sittampalam (NIH), who described the TRND Program (Therapeutics for Rare and 
Neglected Diseases) within The National Center for Advancing Translational Science 
(NCATS) at NIH. The program is intended to encourage and speed the development of new 
drugs for rare and neglected diseases through collaborations with scientists at NIH, 
academia, nonprofit organizations, and pharmaceutical and biotechnology companies. 
Through these, collaborative efforts can be advanced to preclinical development and 
ultimately to clinical trials. A program focusing on the RAS/MAPK pathway is in progress. 
Other programs at NCATS of interest to the rare disease community include the BrIDGs 
Program (Bridging Interventional Development Gaps) to overcome obstacles in late stage 
preclinical development and the Rare Disease Clinical Research Network that supports 
studies therapeutic endpoints and clinical trials.
Dr. Silva described his work on preclinical targeting of neurocognitive deficits associated 
with RASopathies using mouse models. He showed evidence that RAS signaling can affect 
both excitatory and inhibitory neurons, and that cognitive phenotypes are not necessarily due 
to neurodevelopmental abnormalities, but may be caused instead by changes in adult mice. 
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He presented evidence that increased RAS activity in either inhibitory or excitatory neurons 
leads to deficits in long-term potentiation, and that these deficits can be reversed with statins 
or with MEK inhibitors. Dr. Elgersma discussed results with a Costello syndrome mouse 
model based on an HRAS activating mutation. The animals demonstrate neurocognitive 
deficits by mechanisms that differ from those in Nf1 mutant mice. He further showed that 
the NF1 protein interacts with the hyperpolarization-activated cyclic nucleotide-gated 
(HCN) channel and that attenuation of the HCN current, together with increased MAPK-
dependent synapsin phosphorylation, leads to increased inhibition seen in the Nf1 mutants. 
Their studies highlight that different disorders in the RAS/MAPK pathway may exhibit 
neurocognitive defects by distinct mechanisms.
Dr. Sonia Mulero-Navarro (Icahn School of Medicine at Mount Sinai) described work with 
induced pluripotent stem cell lines from patients with Noonan syndrome to model disorders 
of myelopoiesis and cardiovascular development. She modeled juvenile myelomonocytic 
leukemia in this system and demonstrated upregulation of two micro RNAs. 
Cardiomyocytes developed from iPS cells from patients with Noonan syndrome with 
multiple lentigines show an abnormal phenotype that can be rescued with rapamycin.
Session 4: Preclinical Drug Development and Testing
The RAS/MAPK pathway has been targeted for drug discovery due to its importance in 
cancer, and this opened the way to preclinical tests in developmental disorders as well. Dr. 
Bruce Gelb (Icahn School of Medicine at Mount Sinai) moderated this session. Dr. Gelb 
described a preclinical model for RAF1 mutation using Drosophila. His group is screening 
for drugs that rescue pupal lethality in mutant flies. Dr. Maria Kontaridis (Harvard Medical 
School) described a mouse model based on PTPN11 mutation that replicates many features 
of Noonan syndrome with multiple lentigines (NSML, formerly LEOPARD syndrome). 
Activation of the mTOR signaling pathway was noted, and hypertrophic cardiomyopathy in 
these animals is reversed by rapamycin treatment. She noted that a child with severe 
cardiomyopathy and NSML improved with everolimus treatment, at which point a heart 
transplant could be performed. Dr. Amy Roberts noted a clinical trial initiated based on this 
approach. Dr. Benjamin Neel (Ontario Institute for Cancer Research) described work with 
an activating Raf1 mutation mouse model, which developed hypertrophic cardiomyopathy. 
The phenotype is rescued with postnatal treatment with a MEK inhibitor. Using a Cre-
inducible system that targets different cell types in the heart they showed that involvement 
of both cardiomyocytes and endothelial cells is required to produce the full cardiomyopathy. 
They also developed iPS cells that model aspects of the cardiac phenotype, which are 
rescued by treatment with MEK inhibitor.
Session 5: Clinical Trials
Clinical trials began based on progress in identification of therapeutic targets and preclinical 
studies. This session was led by Dr. Katherine Rauen (UCSF). Dr. Bruce Korf (University of 
Alabama at Birmingham) described the Neurofibromatosis Clinical Trials Consortium 
(http://cdmrp.army.mil/nfrp/consortium/trialDetails.shtml), which is funded by the 
Department of Defense. The Consortium includes 17 sites in the US and 1 in Australia and 
is charged to perform clinical trials in NF1, NF2, and schwannomatosis. The rationale for 
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the Consortium is that clinical trials for rare disorders are best conducted when multiple 
centers pool their resources to increase patient enrollment. Several trials have been 
completed by the Consortium, and additional trials are in progress.
Dr. Reymundo Lozano (UC Davis) discussed his experience in clinical trials for fragile X 
syndrome. Though this condition is not a member of the RAS/MAPK pathway disorders, his 
experience may inform efforts to treat other rare disorders. He discussed ongoing and 
completed trials and related challenges, including dosing, drug safety, and definition of 
therapeutic endpoints. Dr. Chao Zhang (Plexxikon) spoke about efforts to test drugs 
targeting BRAF in melanoma. He noted a paradoxical activation of the MAPK pathway in 
tumors treated with BRAF inhibitors, leading to cutaneous squamous cell carcinomas and 
keratocanthomas. A new class of BRAF inhibitors does not have this effect. Dr. Calum 
MacRae (Brigham and Women’s Hospital) described an open-label proof of concept trial of 
a MEK inhibitor in 15 patients with Noonan syndrome. The study targets hypertrophic 
cardiomyopathy and evaluation takes place after 6 months of treatment.
Session 6: Infrastructure to Support Therapeutic Development
The RAS/MAPK disorders are rare individually, which creates a challenge in conducting 
clinical research and clinical trials. This session, chaired by Dr. Amy Roberts (Children’s 
Hospital, Boston) was intended to explore the infrastructure needs to facilitate research. Dr. 
Annette Bakker (Children’s Tumor Foundation) described the therapeutic pipeline put in 
place to facilitate development of treatments for neurofibromatosis. CTF provides funding to 
basic science and clinical investigators, as well as for patient and professional education. It 
has been proactive in facilitating preclinical drug testing, partnering with the pharmaceutical 
industry, and developing a patient registry and biobank. Dr. Corinne Linardic (Duke 
University School of Medicine) described the tissue bank set up as a central facility to 
support research with the Children’s Oncology Group. Tissues are accessioned centrally 
under IRB-approved protocols, processed, and then available to investigators for research. 
Brian Denger (Parent Project Muscular Dystrophy) described their patient registry - 
DuchenneConnect. This is a structured database into which parents, rather than physicians, 
enter data. The database is intended to serve as a resource both for clinicians and 
researchers, and is maintained on a platform provided by Patient Crossroads. The registry 
also serves as an educational resource for families to include Fact Sheets about aspects of 
the condition and treatment options as well as regular webinars concerning current care and 
research issues.
CONCLUSIONS
The RAS signaling pathway first came to light through studies of cancer, but it has become 
clear that germline mutations that lead to activation of the MAPK pathway lead to a group 
of developmental disorders; some, but not all, include a predisposition to cancer. The 
conditions have overlapping phenotypes, but each also has distinct features. The possibility 
of therapy aimed at reduction of activity of RAS signaling is now within reach, but will 
require careful consideration of the individual phenotypes and therapeutic goals, definition 
of clear endpoints, and collaborative efforts to conduct both preclinical studies and clinical 
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trials. This meeting not only provided a scientific overview of the current state of the field, 
but represents in itself a collaborative effort among clinicians and scientists who deal with 
these disorders, and active engagement with patients and families who are directly affected.
ACKNOWLEDGMENTS
This activity was supported in part by unrestricted educational grants from The Children’s Tumor Foundation, The 
March of Dimes, Novo Nordisk, Inc, and The National Institute of Health (1R13CA177217-01). BG declares grant/
research support/grants pending and honoraria from Shire, support for travel to meetings and other purposes from 
Novartis, and receiving royalties from GeneDX and Correlegan. MK declares receiving consulting fee and support 
for travel to meetings and other purposes from Novartis. BK declares research grant support from Novartis. CM 
declares grant support/research support/grants pending and receiving consulting fee from Novartis. BN declares 
receiving consulting fee and Board membership at Koltan Pharmaceuticals. EBW declares grants/research support/
grants pending and employment at Wellcome Trust. CZ declares employment, patents (planned, pending, or issued) 
and receiving royalties by Plexxikon, Inc.
REFERENCES
Aoki Y, Niihori T, Kawame H, Kurosawa K, Ohashi H, Tanaka Y, Filocamo M, Kato K, Suzuki Y, 
Kure S, Matsubara Y. Germline mutations in HRAS proto-oncogenecause Costello syndrome. Nat 
Genet. 2005; 37:1038–1040. [PubMed: 16170316] 
Bos JL. RAS oncogenes in human cancer: A review. Cancer Res. 1989; 49:4682–4689. [PubMed: 
2547513] 
Boyd K, Korf B, Theos A. Neurofibromatosis type 1. J Am Acad Dermatol. 2009; 61:1–14. quiz 
15-16. [PubMed: 19539839] 
Brems H, Chmara M, Sahbatou M, Denayer E, Taniguchi K, Kato R, Somers R, Messiaen L, De 
Schepper S, Fryns J-P, Cools J, Marynen P, Thomas G, Yoshimura A, Legius E. Germline loss-of-
function mutations in SPRED1 cause a neurofibromatosis 1-like phenotype. Nat Genet. 2007; 
39:1120–1126. [PubMed: 17704776] 
De Luca A, Maiello MR, D’Alessio A, Pergameno M, Normanno N. The RAS/RAF/MEK/ERK and 
the PI3K/AKT signalling pathways: Role in cancer pathogenesis and implications for therapeutic 
approaches. Expert Opin Ther Targets. 2012; 16:S17–S27. [PubMed: 22443084] 
Eerola I, Boon LM, Mulliken JB, Burrows PE, Dompmartin A, Watanabe S, Vanwijck R, Vikkula M. 
Capillary malformation-arteriovenous malformation, a new clinical and genetic disorder caused by 
RASA1 mutations. Am J Hum Genet. 2003; 73:1240–1249. [PubMed: 14639529] 
Fernández-Rodríguez J, Castellsagué J, Benito L, Benavente Y, Capellá G, Blanco I, Serra E, Lázaro 
C. A mild neurofibromatosis type 1 phenotype produced by the combination of the benign nature of 
a leaky NF1-splice mutation and the presence of a complex mosaicism. Hum Mutat. 2011; 32:705–
709. [PubMed: 21394830] 
Jang S-I, Lee E-J, Hart PS, Ramaswami M, Pallos D, Hart TC. Germ line gain of function with SOS1 
mutation in hereditary gingival fibromatosis. J Biol Chem. 2007; 282:20245–20255. [PubMed: 
17510059] 
Jongmans MCJ, van der Burgt I, Hoogerbrugge PM, Noordam K, Yntema HG, Nillesen WM, Kuiper 
RP, Ligtenberg MJ, van Kessel AG, van Krieken JHJ, Kiemeney LA, Hoogerbrugge N. Cancer risk 
in patients with Noonan syndrome carrying a PTPN11 mutation. Eur J Hum Genet. 2011; 19:870–
874. [PubMed: 21407260] 
Lee BH, Kim J-M, Jin HY, Kim G-H, Choi J-H, Yoo H-W. Spectrum of mutations in Noonan 
syndrome and their correlation with phenotypes. J Pediatr. 2011; 159:1029–1035. [PubMed: 
21784453] 
Lin AE, Alexander ME, Colan SD, Kerr B, Rauen KA, Noonan J, Baffa J, Hopkins E, Sol-Church K, 
Limongelli G, Digilio MC, Marino B, Innes AM, Aoki Y, Silberbach M, Delrue MA, White SM, 
Hamilton RM, O’Connor W, Grossfeld PD, Smoot LB, Padera RF, Gripp KW. Clinical, 
pathological, and molecular analyses of cardiovascular abnormalities in Costello syndrome: A 
RAS/MAPK pathway syndrome. Am J Med Genet A. 2011; 155A:486–507. [PubMed: 21344638] 
Korf et al. Page 7













Messiaen L, Yao S, Brems H, Callens T, Sathienkijkanchai A, Denayer E, Spencer E, Arn P, Babovic-
Vuksanovic D, Bay C, Bobele G, Cohen B, Escobar L, Eunpu D, Grebe T, Greenstein R, Hachen 
R, Irons M, Kronn D, Lemire E, Leppig K, Lim C, McDonald M, Narayanan V, Pearn A, Pedersen 
R, Powell B, Shapiro L, Skidmore D, Tegay D, Thiese H, Zackai E, Vijzelaar R, Taniguchi K, 
Ayada T, Okamoto F, Yoshimura A, Parret A, Korf B, Legius E. Clinical and mutational spectrum 
of neurofibromatosis type 1-like syndrome. JAMA. 2009; 302:2111–2118. [PubMed: 19920235] 
Niihori T, Aoki Y, Narumi Y, Neri G, Cave H, Verloes A, Okamoto N, Hennekam RC, Gillessen-
Kaesbach G, Wieczorek D, Kavamura MI, Kurosawa K, Ohashi H, Wilson L, Heron D, Bonneau 
D, Corona G, Kaname T, Naritomi K, Baumann C, Matsumoto N, Kato K, Kure S, Matsubara Y. 
Germline KRAS and BRAF mutations in cardiofacio-cutaneous syndrome. Nat Genet. 2006; 
38:294–296. [PubMed: 16474404] 
Pandit B, Sarkozy A, Pennacchio LA, Carta C, Oishi K, Martinelli S, Pogna EA, Schackwitz W, 
Ustaszewska A, Landstrom A, Bos JM, Ommen SR, Esposito G, Lepri F, Faul C, Mundel P, 
López Siguero, Selicorni R, Rossi A, Mazzanti C, Torrente L, Marino I, Digilio B, Zampino MC, 
Ackerman G, Dallapiccola MJ, Tartaglia B, Gelb M. Gain-of-function RAF1 mutations cause 
Noonan and LEOPARD syndromes with hypertrophic cardiomyopathy. Nat Genet. 2007; 
39:1007–1012. [PubMed: 17603483] 
Pros E, Fernandez-Rodriguez J, Canet B, Benito L, Sanchez A, Benavides A, Ramos F, Lopez-
Ariztegui M, Capella G, Blanco I, Serra E, Lazaro C. Antisense therapeutics for neurofibromatosis 
type 1 caused by deep intronic mutations. Hum Mutat. 2009; 30:454–462. [PubMed: 19241459] 
Rauen KA. The RASopathies. Annu Rev Genomics Hum Genet. 2013; 14:355–369. [PubMed: 
23875798] 
Rodriguez-Viciana P, Tetsu O, Tidyman WE, Estep AL, Conger BA, Cruz MS, McCormick F, Rauen 
KA. Germline mutations in genes within the MAPK pathway cause cardio-facio-cutaneous 
syndrome. Science. 2006; 311:1287–1290. [PubMed: 16439621] 
Tartaglia M, Zampino G, Gelb BD. Noonan syndrome: Clinical aspects and molecular pathogenesis. 
Mol Syndromol. 2010; 1:2–26. [PubMed: 20648242] 
Upadhyaya M, Huson SM, Davies M, Thomas N, Chuzhanova N, Giovannini S, Evans DG, Howard 
E, Kerr B, Griffiths S, Consoli C, Side L, Adams D, Pierpont M, Hachen R, Barnicoat A, Li H, 
Wallace P, Van Biervliet JP, Stevenson D, Viskochil D, Baralle D, Haan E, Riccardi V, 
Turnpenny P, Lazaro C, Messiaen L. An absence of cutaneous neurofibromas associated with a 3-
bp inframe deletion in exon 17 of the NF1 Gene (c. 2970-2972 delAAT): Evidence of a clinically 
significant NF1 genotype-phenotype correlation. Am J Hum Genet. 2007; 80:140–151. [PubMed: 
17160901] 
Korf et al. Page 8









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Am J Med Genet A. Author manuscript; available in PMC 2015 August 01.
